Introduction
Nigeria is currently struggling with a severe reoccurrence of Lassa fever (LF), with confirmed cases in over half of the country (18 States). 1 The World Health Organization (WHO) is currently reporting thousands of suspected cases with 317 confirmed cases, over 72 deaths, and a probable case fatality rate of 22%. In addition, 14 health care workers have been infected with a case fatality rate of 30%. LASV was first discovered in 1969 when two missionary nurses died in Nigeria. 2 Lassa virus (LASV), the causative agent of LF, belongs to the family Arenaviridae, and is endemic over most of West Africa ( Figure 1 ). It is transmitted by the multimammate rat, Mastomys natalensis, 3 and has an enveloped, negative-sense, RNA genome. The genome is ambisense and consists of two segments, a small (S) segment and a large (L) segment. The S segment encodes the glycoprotein precursor (GPC), which is expressed on the envelope of the virus in a trimeric state. 4 The S segment also encodes the nucleoprotein (NP) in the opposite direction, which encapsulates the viral genome. The L segment encodes the viral matrix protein (Z) and the viral RNA-dependent RNA polymerase (L). When transmitted to humans, LASV presents in most cases (80%) as a mild non-descript disease; however, 20% of infections result in severe hemorrhagic fever with multi-organ failure. 5 The incubation period of LF is typically 1-3 weeks with accompanying headache, fever, muscle/joint pain, diarrhea, vomiting, elevated liver enzymes (AST and ALT), and Drug Design, Development and Therapy 2018:12 submit your manuscript | www.dovepress.com
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warner et al hematocrit. The signs of pathogenesis can vary depending on the animal model used in various vaccine studies; however, the gold standard that best recapitulates the human condition are non-human primates (NHPs) (Figure 2A) . A poor prognosis is also indicated with accompanying edema of the face and neck, abdominal and retrosternal pain, enlarged lymph nodes, and/or hemorrhage in the conjunctiva or mucosal surfaces. It is estimated that there are over 300,000 infections on an annual basis in West Africa, making LASV a primary cause of hemorrhagic fever worldwide. Currently, there are no approved vaccines or therapeutics for the treatment or prevention of LASV with the questionable exception of the off-label use of ribavirin. 6 Additionally, historical imported cases of LASV infection and human-to-human transmission warrant strong development of vaccine and treatment modalities. 5, 7, 8 Recently, the Bill and Melinda Gates Foundation along with its collaborating partners founded the Coalition for Epidemic Preparedness Innovations (CEPI) with the sole purpose of advancing three priority pathogens with promising preclinical candidates to Phase III clinical trials in the event of future outbreaks. CEPI, along with the WHO, has initially named LASV, Middle East Respiratory Syndrome Coronavirus, and Nipah virus as the top pathogens of priority for their first round of applications. Despite the high disease burden and lack of preventative measures for LASV, significant progress has been made in the identification of promising preclinical candidates. In this review, we discuss the current understanding of LASV immunobiology, the correlates of protection, and the most promising vaccine candidates for the prevention of LF.
immunology of Lassa virus infections innate immune system
Professional antigen-presenting cells (APC), such as macrophages and dendritic cells (DCs), are the primary target cells for LASV infection, and initial infection typically involves myeloid lineage cells and APC. 9, 10 An early determinant of disease progression in arenavirus infection is the activation status of virally infected APC. During LASV infection, APC fail to undergo activation or maturation, leading to ineffective antigen processing and presentation despite LASV being able to replicate at high levels within these cells. 9 This is in contrast to Mopeia virus (MOPV), a non-pathogenic Mammarenavirus very similar to LASV, but one that induces APC activation leading to effective adaptive immunity while also replicating at high levels within APC. 3 Infection with MOPV leads to classically activated APC with upregulation of CD80, CD86, and CD40, along with secretion of innate cytokines such as type I interferons (IFN) and interleukin-6. 11 The immature state of infected APC persists during LASV infection even though cells migrate to the draining lymph nodes of infected individuals. 12 During early LASV infection, the type I IFN response has been shown to be an important mediator of protection 13 NHPs infected with LASV that have a strong IFNα response within the first few days of infection fare better than animals with minimal IFNα early on during infection. Additionally, pathogenic and lethal LF models have been characterized using mice lacking the IFNα/β receptor and thus unable to respond to IFNα or IFNβ. This is in contrast to wild-type mice, which are resistant to LASV infection. [14] [15] [16] Type I IFN signaling provides an important barrier to virus replication as well as a bridge to the virus-specific adaptive immune response. Therefore, the ability of LASV to alter the type I IFN response may allow for unchecked viral replication and an escape of protective adaptive immune responses. There is evidence that LASV can antagonize the innate IFN response and other cellular mechanisms that lead to both innate and adaptive immune responses, which may be critical for viral clearance and reduced pathogenesis. As already mentioned, LASV prevents APC activation and maturation, which is achieved through reduced RNA sensing in infected DCs. 9 The Z protein of LASV also binds to the caspase recruitment domain of RIG-I and MDA5, preventing signaling by both proteins. 17 The nucleocapsid protein of LASV can also inhibit type I IFN signaling by degrading dsRNA and by binding to IκB kinase-ε, preventing activation of IRF3 and NF-κB. 18, 19 There is also evidence that LASV can use TAM receptors, AXL and TYRO3, for cell entry. 20, 21 The activation of these receptors leads to upregulation of suppressor cytokine signaling proteins and inhibition of type I IFN signaling pathways. LASV can use the abovementioned strategies to prevent RIG-I signaling, leading to type I IFN responses in infected cells. These strategies play an important role in preventing APC activation, leading to adaptive immune responses and viral clearance. The ability to alter the function of APC is likely a critical determinant of pathogenesis during LASV infection, as an absent adaptive immune response is typically seen in fatal LF cases. 22, 23 Overall, there is strong evidence that altered APC function during LASV infection correlates with a severe disease outcome. Knowledge of how LASV modulates the innate immune system can have important implications for the development of vaccines and therapeutics. While most vaccine candidates target the glycoprotein of LASV and thus only express this protein and not those known to modulate innate immunity, candidates such as the ML29 reassortant vaccine express LASV nucleocapsid protein. This may have important implications for the immunogenicity of this vaccine and other candidates that may include proteins from LASV with immunomodulatory properties.
Adaptive immune system and correlates of protection
The activation of LASV-specific T cells is thought to play an important role during infection as LF development results in the depletion of T cells in NHP models. 13, 24 Both CD4 and CD8 T cells can be activated early following LASV infection, and LASV-NP-specific memory CD4 T cells have been detected in patients up to 6 years following infection. 25, 26 The activation of T cells during LASV infection requires APC activation and maturation for efficient antigen processing and presentation. As with infection of APC, infection with MOPV in vitro can induce a much stronger T-cell response than infection with LASV, again indicating that pathogenic LASV infection likely requires suppression of innate and adaptive immune responses. 27 The role of humoral responses during LASV infection is less clear. Antibody responses against LASV are typically weak with low levels of IgM and IgG produced during early infection. Antibodies are thought by many to not contribute to natural recovery, as neutralizing antibodies are not produced at high levels. However, the role of antibodies in protection against LF is still not fully clear and mechanisms such as antibody-dependent cell-mediated cytotoxicity, complement fixation/activation, and opsonization may potentially play a role in protection from disease.
Several lines of evidence point to a strong T-cell response to LASV as critical for protection against LF. Defective T-cell responses predominate during severe LASV infection, while strong T-cell responses are typically seen in individuals who can control the infection. In NHP models, undetectable T-cell responses correlate with lethality. In these models, we see decreased proliferation, activation, cytokine production, as well as a lack of T-cell expression of CD25 and CD69, promoting disease progression. 13, 28 As already discussed, the lack of T-cell activation is likely due to an inhibition of the interaction between infected and antigen-primed DCs presenting LASV peptides to T cells. Indeed, LASV-infected DCs are unable to activate CD4 and CD8 T cells in vitro, while DCs infected with MOPV readily activate these cells. 27 The exact mechanisms of T-cell depletion are not clear; however, the ability of LASV to prevent DC activation likely plays a role. There is also evidence that LASV-specific T cells can contribute to disease through macrophage activation, resulting in deleterious cell-mediated inflammatory reactions and damage to secondary lymphoid organs. 29 The role this might play in active suppression of T-cell responses during LASV infection is unclear. This suggests that, while likely important for protection against disease, strong T-cell responses may contribute to pathogenesis and this should be examined further in more appropriate models.
CD4 and CD8 T cells are activated early during LASV infection, and LASV-specific T cells are detected following convalescence despite a lack of LASV-specific antibodies. 13, 30 Strong T-cell responses against both NP and GPC of LASV seem to persist for years following infection. 25, 26 Indirect evidence from vaccination studies also suggests that T-cell immunity is important for protection against LF. Strong T-cell responses against GP1 and GP2 induced by a vacciniavectored LASV vaccine were protective against LASV challenge. 31 In addition, strong activation and proliferation of CD4 and CD8 T cells following LASV challenge are seen in animals that survive infection. In patients who have recovered from LF, LASV-specific antibody levels are present, but soon become undetectable while LASV-specific memory CD4 T cells persist. There is also evidence that seronegative survivors of LASV do not suffer from LF upon reinfection, likely due to a cell-mediated memory response. 26, 30, 32, 33 Overall, while the specific phenotypes of responding T cells and their roles in LASV infection remain to be seen, there is strong evidence suggesting that efficient activation and proliferation of LASV-specific T cells are important for protection against LF.
The role of humoral immune responses during LASV infection has been debated more than that of T cells. Their correlation with survival has been difficult to determine due to the variability in antibody responses. IgM and IgG responses occur during LASV infection, but to a lesser degree than what might be expected for them to play a major role in protection from disease. Additionally, neutralizing antibodies against LASV are not produced in large quantities during infection due to the structural properties of the LASV GPC and its glycan shield, potentially limiting the role of the humoral response in protection. 21 Despite these issues, the importance of antibodies in protection against LASV may be understated. The vesicular stomatitis virus vaccine expressing LASV glycoprotein (VSV-LASV-GPC) is able to induce a strong humoral response against LASV GPC and provides similar protection to vaccines inducing strong T-cell responses. 28 The use of immune plasma and convalescent serum as a treatment for LASV infection in experimental models has shown mixed results, likely contributing to the skepticism of the protective ability of antibodies. [34] [35] [36] However, the use of human monoclonal antibodies in both guinea pig and NHP models of LF has shown to be protective. 37, 38 These monoclonal antibodies used for protection in both models have a high neutralizing index, providing evidence that perhaps a strong neutralizing response may be protective. The lack of neutralizing antibodies produced during natural infection may be the reason why no correlation between antibody production and survival has been observed. However, these animal models show that vaccine/therapeutic candidates are able to induce high neutralizing titers and may be feasible for protection against LASV.
Preclinical vaccine candidates for Lassa fever
There has been considerable progress made in the development of preclinical vaccine candidates for the prevention of LF since its original description. Some progress has been made with several non-replication-competent vaccines including alphavirus replicons, 39, 40 whole-inactivated LASV, 41 and DNA electroporation. [42] [43] [44] Additionally, therapeutics have been developed that include the preclinical testing of ribavirin and favipiravir. Currently, the best therapeutic strategy against LASV remains favipiravir, which can be administered up to 9 days post-infection in a guinea pig model ( Figure 2B) . 45 Other treatments such as human monoclonal antibodies have been tested in both guinea pigs 37 and NHPs, 38 but are only effective when administered very early in the disease course. With this in mind, some of the best candidates with strong efficacy and immunogenicity for LASV prevention have been based on replication-competent vaccine modalities (Table 1) .
Recombinant vaccinia virus vaccine platform
In 1987, the first successful vaccine directed against LASV was described. A recombinant vaccinia virus (Lister strain) was engineered to express the NP from LASV and given to outbred Hartley guinea pigs. 46 Animals that received the recombinant virus showed no signs of disease, and no virus was isolated from the blood after challenge with 1×10 4 TCID50 of LASV strain GA391 (Nigerian isolate). All control animals succumbed to infection between Days 14 and 16. Interestingly, a similar dose of the prototypical strain Josiah, a Sierra Leone isolate, is generally only 10%-20% lethal in Hartley guinea pigs, which highlights the significant diversity and pathogenic heterogeneity of LF. A second study using a guinea pig-adapted version of Josiah confirmed the protective efficacy of various recombinant strains of vaccinia expressing either LASV NP or GPC with 94% and 79% protection, respectively. 47 In contrast to the initial vaccinia experiments, most animals including the recombinant vaccine vaccinated animals showed some signs of disease with mild fever and acute viremia that was 10-fold less than control animals. Interestingly, a combination of NP and GPC vaccinia viruses led to a poorer outcome with only 58% protection. A set of secondary comprehensive studies was undertaken in rhesus and cynomolgus macaques to test the individual vaccinia vaccines expressing GP1, GP2, and NP. 31 Ninety percent of animals that received all three proteins survived a lethal LASV challenge (n=10). Of considerable interest was that all animals that received the individual proteins succumbed to infection (GP1, GP2, or NP; 0% survival). This is in stark contrast to the previous guinea pig experiments and despite all macaques generating robust anti-NP antibody responses. In addition, all animals that received a combination of GP1 and GP2 survived indicating that both proteins are independently integral for protection against lethal disease. These initial studies, combined with the failure of whole-inactivated LASV to protect against lethal infection, 41 indicate a GPC-specific cell-mediated component to LASV protection.
Reassortant vaccine platform, ML29
Taking advantage of closely related arenaviruses, another more recent vaccine candidate was designed using gene reassortments from their bisegmented RNA genomes. 48 A reassortant virus (ML29) was subsequently generated by rationally combining the non-pathogenic L RNA from MOPV and the S RNA from LASV Josiah. 49 In addition, there were several lab-adapted mutations that led to further attenuation of the ML29 strain. 50 Studies in strain 13 guinea pigs vaccinated with the ML29 vaccine were completely protected from lethal LASV infection (Josiah and LASV-803213) up to 30-days post-vaccination. 51 Of note, these animals had undetectable virus in the blood and tissues as found by conventional plaque assay and qRT-PCR, indicating that sterilizing immunity was achieved. These initial studies showed that despite the significant genomic heterogeneity between outbreak strains, a universal vaccine for LASV might be achievable. In addition, the ML29 vaccine was able to provide up to 80% protection when given 2 days after a lethal challenge. 51 The ML29 vaccine has also undergone some testing in small NHPs, Marmosets in particular, and achieved 100% protection with accompanying sterilizing immunity. 52 However, further testing in the gold standard models for LASV disease, rhesus or cynomolgus macaques, is warranted. ML29 also has substantial safety concerns with regards to the genetic stability of a recombinant virus as well as safety in HIV-infected individuals within LASV endemic regions. 32 
Recombinant yellow fever vaccine platform, YF17D
Another recombinant vaccine developed by the same research group 53 makes use of the yellow fever 17D (YF17D) vaccine, which is one of the safest and most effective vaccines ever developed. The YF17D vaccine is highly immunogenic, induces strong cell-mediated immunity, and tolerates recombinant addition of transgenes into its genome. An initial vaccine developed to express the LASV GPC was able to protect 80% of strain 13 guinea pigs from lethal LASV challenge. However, the genetic stability of the virus was less than ideal and GPC expression waned over 5 passages. 53 In an attempt to remedy the genetic instability, separate recombinant viruses were generated expressing GP1 or GP2, as well as attempts to shorten the transgene. 54 A mixture of the two recombinant viruses protected strain 13 guinea pigs from fatal LASV challenge; however, sterilizing immunity was not achieved. Unfortunately, further testing of the YF17D-GPC LASV vaccine in marmosets resulted in poor immunogenicity and no protection from lethal LASV challenge. 55 While YF17D is a safe vaccine, more development is currently needed to achieve an efficacious vaccine for both yellow fever and LASV.
Recombinant vesicular stomatitis virus vaccine platform, vSv
Despite the considerable list of preclinical candidates for LASV prevention, none have yet shown combined efficacy and safety in humans. In 2013, an unprecedented Ebola outbreak in West Africa resulted in over 30,000 documented cases of infection and .10,000 deaths. As an emergency measure, several vaccines were accelerated into Phase III clinical trials for testing during the outbreak. One of the most successful vaccines to show 100% efficacy in a ring vaccination trial was recombinant vesicular stomatitis virus expressing Ebola virus GPC (VSV-EBOV-GPC). 56 Antibodies have been implicated as the main correlate of protection for EBOV infection 57 with respect to VSV-EBOV-GPC vaccination, and has been shown to be long lasting for up to 14 months in the NHP model. 58 However, multiple lines of evidence suggest that the main correlate of protection for LASV involves cell-mediated immunity despite recent studies indicating that monoclonal antibody therapy is sufficient for protection. 37, 38 The recombinant VSV system is able to tolerate the replacement of the VSV glycoprotein with foreign virus glycoproteins. The resulting recombinant viruses are attenuated, safe, and highly immunogenic, making this vaccine a strong candidate for LASV prevention. In 2004, the first description of VSV expressing LASV GPC was published and was shown to be apathogenic in mice. 59 A follow-up study by the same group characterized the VSV-LASV-GPC vaccine in NHPs. 28 Cynomolgus macaques were vaccinated with a single dose of VSV-LASV-GPC (2×10 7 PFU) and challenged 28 days later with a lethal dose of Josiah. All vaccinated animals survived the challenge with no overt signs of disease or changes in blood chemistry or hematology. There is considerable genetic variability between strains of LASV, which cluster into at least five clades. Clades I-III are generally localized to Nigeria, while clade IV and V viruses were isolated from Sierra Leonne, Guinea, Liberia, and Mali. Renewed studies almost 10 years after the initial characterization of the VSV-LASV-GPC vaccine sought to test whether it could act as a universal vaccine against genetically distinct LASV isolates. Geographically distinct isolates have been shown to have drastically altered disease manifestations and thus may not be covered by the VSV-LASV-GPC vaccine originally constructed with Josiah GPC. 60 Safronetz et al discovered that the single Josiah-based VSV vaccine could provide 100% protection against several isolates including Sierra Leone (Josiah; clade IV), Liberia (Z-132; clade IV), Mali (Soromba-R; clade V), and Nigeria (Pinneo; clade I) in strain 13 guinea pigs, identifying VSV-LASV-GPC as a universal vaccine candidate. Additionally, cynomolgus macaques vaccinated with VSV-LASV-GPC showed no overt signs of disease when challenged with the Liberian isolate. 61 The current Nigerian outbreak strain of LASV is thought to be a clade III isolate and has yet to be tested for efficacy against the VSV-LASV-GPC vaccine. These data lend strong support to the possibility of a universal LASV vaccine capable of being effective against all lineages in the region.
With the potential of widespread use of VSV-EBOV in the wake of the West African Ebola outbreak, an important aspect to consider would be the potential for an increase in pre-existing immunity to the VSV backbone. A deployment of a second VSV-based vaccine in the region, mainly VSV-LASV-GPC, may not provide adequate immunogenicity and protection. Marzi et al sought to address this concern by designing consecutive LASV and EBOV studies in cynomolgus macaques. 62 Initially, three macaques were vaccinated with VSV-LASV-GPC and then challenged with a lethal dose of LASV Josiah. All three animals survived the challenge with no overt signs of disease and no virus was detected in the blood. Additionally, two animals showed no signs of seroconversion after challenge, suggesting near-sterilizing immunity. A single control animal was infected in parallel, which rapidly succumbed to classical LASV disease on Day 13. The same three surviving animals were then vaccinated with a dose of VSV-EBOV-GPC and subsequently challenged with a lethal dose of EBOV 28 days later. Despite having significant VSV antibody titers prior to VSV-EBOV-GPC vaccination, all immunized animals survived the challenge, while a single control animal succumbed to EBOV disease on Day 7. More importantly, this study shows that the VSV vector has the potential to be used repeatedly for the protection of both EBOV and LASV infection in Africa. The VSV recombinant system is extremely robust and has the potential to express and tolerate the expression of multiple transgenes. The combination of both EBOV and LASV glycoprotein expression in a single vaccine is feasible and has significant potential to prevent future outbreaks of EBOV and LASV in West Africa.
Conclusion
Unfortunately, despite the best efforts of CEPI taking the lead and preparing for future outbreaks, the current resurgence of LASV in Nigeria has again caught the international community as ill prepared. The recombinant VSV-LASV-GPC vaccine is among one of the leading candidates developed thus far and should be targeted for accelerated development by CEPI and its collaborating partners. There are several important questions that need to be rapidly addressed in the face of this new outbreak. Mainly, has the genetic makeup of the virus undergone a significant change allowing it to spread more readily or become more pathogenic? It will also be important to characterize the new Nigerian outbreak strain of LASV and test the efficacy of these preclinical vaccine candidates, in particular the VSV-LASV-GPC vaccine. As LASV virus is thrust into the international spotlight, it continues to be a neglected emerging pathogen of critical importance. However, with strong clinical candidates poised to be tested in Phase III trials, a preventative vaccine could soon be approved for use in the region.
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